Water sorption, desorption, and permeation in and through Nafion 112, 115, 1110 and 1123 membranes were measured as functions of temperature between 30 and 90
Introduction
The sorption and transport of water in polymer membranes plays an essential role in the operation of polymer electrolyte membrane (PEM) fuel cells [1] [2] [3] [4] [5] [6] . Water is frequently introduced in the feed stream to the fuel cell and water is produced at the cathode. The sorption and diffusion of water in the membrane will determine the distribution of water throughout the fuel cell, and in turn affect the local proton conductivity. Nafion is the most common polymer membrane material used in PEM fuel cells. Water transport in Nafion has been the subject of numerous investigations over the past 40 years [3, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] . Despite the numerous studies of water sorption and transport in Nafion there are significant differences in the values for the diffusivity of water in Nafion, determined by various methods.
Water sorption and transport in Nafion has been studied by several different methods and differences in the diffusivity of three orders of magnitude have been reported. Three basic methods have been used to measure water sorption and transport.
(1) Mass uptake [3, 8, 12, 13, [16] [17] [18] 22, 25, 26] . The mass uptake of water by a polymer film is measured as a function of time. An effective rate constant for mass gain is determined. Assuming that the water sorption is controlled by Fickian diffusion, the sorption diffusivity, D sorption , is determined by the product of the rate constant and the square of the characteristic dimension of the polymer (film thickness, L m ) as given by the following equation:
The rate of water loss by the polymer may also be measured to determine the rate constant for desorption, which can be used to determine a desorption diffusivity, D desorption : [21] (2) NMR relaxation [10, 16, 23, 27, 28] . The relaxation times from a pulsed gradient NMR experiment can be used to determine the self-diffusion coefficient of water in Nafion. (3) Permeation experiments [16, 17, 20, 29] . Steady-state water permeation through membranes has been measured. Assuming a linear concentration gradient across the membrane the integrated permeation at different flow rates can be used to determine the diffusivity of water. Table 1 summarizes most of the measured diffusivities of water in Nafion reported in the literature. As mentioned above the values vary by more than three orders of magnitude. Some general conclusions that can be drawn from these measurements are:
i. NMR self-diffusion measurements give the highest values of diffusivity with values of ∼10 −6 cm 2 /s. ii. Permeation measurements give slightly lower diffusivities than NMR in the range of 10 −7 cm 2 /s. iii. Water uptake measurements give the lowest diffusion coefficients typical values are ∼10 −8 cm 2 /s. iv. Water desorption measurements give intermediate diffusion coefficients of ∼10 −7 cm 2 /s. v. Water diffusivity increases with temperature. vi. Water diffusivity increases with membrane water content at low water content. Several studies have suggested the diffusivity goes through a maximum with water content and decreases as the membrane becomes saturated with water [3, 6, 19, 30] .
As part of a broader effort to understand the mechanical and transport properties of polymer electrolytes employed in fuel cells we re-examined water sorption and diffusion in Nafion as a function of temperature and water activity using water uptake and permeation. Water uptake (sorption), water loss (desorption) and water permeation were measured as functions of the membrane thickness, temperature and water activity gradient. Interfacial transport across the membrane/gas boundary, diffusion and membrane swelling all contribute significant resistances to water transport and sorption. The limiting resistance to water uptake and transport depends on the sample dimensions, the temperature and water activity. We also present modifications to water uptake and loss analysis that accounts for the interfacial mass transport and polymer swelling. The results and analysis presented here help to explain the range of values reported in the literature.
Experimental

Water sorption/desorption
Dynamic water sorption/desorption experiments were carried out by hanging a Nafion sample from a bottom weighing balance into a temperature and humidity controlled container shown in Fig. 1 . For water sorption the membranes were dried in a vacuum oven at 70 • C for 2 h. The dry samples were suspended on a fine metal wire from a bottom weighing balance into a temperature-controlled stainless steel container (6 cm diameter × 16 cm tall) with a removable slotted top. The container was filled 1/3 with water, and the relative humidity in the container was checked periodically with a capacitive humidity sensor (Sensiron Model SHT75) and found to be 95-100% RH at the temperature of interest. The top of the stainless steel container was heated to 3-5 • C higher than the temperature in the container to avoid liquid condensation, which could cause liquid drops to condense and fall onto the sample, giving rise to large fluctuations in the weight measured by the scale.
Desorption experiments were carried out by replacing the water container with a container filled with desiccant. The rel- ative humidity in the desiccant chamber was <2% RH at the temperature of interest.
Samples of Nafion 112 (51 m thick), Nafion 115 (127 m thick), Nafion 1110 (254 m thick) and Nafion 1123 (600 m thick) were tested. The Nafion 112, 115 and 1110 samples were extruded Nafion obtained from Ion Power. The Nafion 1123 sample was cast from 5% Nafion solution (Ion Power), dried in a vacuum oven at 60 • C, annealed at 140 • C in a vacuum oven for 2 h and then subjected to the standard treatment listed below. The dry sample thicknesses were all checked with a micrometer. Samples were cut into strips with an area of ∼7 cm 2 . Each sample was initially boiled for 1 h in hydrogen peroxide solution, transferred to boiling water for 20 min, then placed in boiling 1 M sulfuric acid for 1 h followed by boiling in de-ionized water for 20 min and lastly dried at 70 • C for 2 h. The initial dry weight of the sample was determined before each experiment using the same balance used for the sorption/desorption experiments. During sorption/desorption the samples were suspended half way down into the controlled temperature container. The gas phase in the container was stagnant. The temperature was recorded by computer every second for a period of 4000-20,000 s.
Water permeation
Water permeation through Nafion membranes was measured in a custom built permeation cell shown schematically in Fig. 2 . The cell was designed to be a one-dimensional differential permeation cell. The flow pattern in the space above the membrane should have negligible lateral gradients, so transport is nearly one dimension across the membrane. The driving force for permeation is uniform, which makes the data easy to analyze.
The cell was made from two polycarbonate plates with 1 cm 2 × 0.5 cm deep cavities. One plate had channels machined along two sides of the cavity fitted with stainless steel bars, which served as electrodes that permitted in situ resistance measurements. Nafion membranes were clamped between the two plates. Humidity and temperature sensors (Sensirion Model SHT75) were placed in tees at the outlets from both cavities. The gas phase in the cavities is well mixed, so the compositions in the outlets are the same as the composition in the cavities.
The entire permeation cell was placed inside a temperaturecontrolled insulated box. Permeation was measured by flowing liquid water or humidified nitrogen through one cavity of the cell (referred to as the wet side) and dry nitrogen through the other side (the dry side). A humidifier bomb was placed inside the temperature-controlled box and nitrogen from a mass flow controller was flowed through the humidifier. This humidified stream was mixed with dry nitrogen to achieve the desired relative humidity. The flow rate of the humidified gas stream was set to between 2 and 3 L/min on the wet side of the cell. The relative humidity at both the inlet and outlet of the humidified nitrogen was measured to verify that the RH was maintained constant to within 2% RH at the wet side of the cell.
Permeation was measured for Nafion 112, 115 and 1110 for temperatures 30-90 • C. The nitrogen flow was varied from 10 to 1500 mL/min using a mass flow controller (Aalborg) and the relative humidity was logged by computer. We waited until steady-state relative humidity values were obtained over a 30 min period before changing the nitrogen flow rate.
The lateral membrane resistance was measured at 100 Hz by making the membrane one leg of a voltage divider. We have previously shown that the ac impedance of Nafion membranes measured in the lateral dimension is insensitive to frequency above 2 Hz [33] . A 1 V rms driving voltage of 100 Hz was applied across the membrane in series with a fixed 1 k resistor. A pair of ac voltmeters measured the voltage drop across both legs of the voltage divider, from which the membrane resistance could be determined.
The one-dimensional permeation cell makes the analysis of permeation rates much simpler than using a system with flow channels where the driving force changes along the length of the flow channel. The plenums on both sides of the membrane permit good mixing so there are no lateral gradients. Fig. 3 illustrates the various mass transfer resistances. The total permeation is determined from the nitrogen flow rate and outlet relative humidity by a simple mass balance:
At steady-state the permeation rate is equal to the mass transfer rate across the membrane fluid interface at the wet side, the water diffusion rate across the membrane as well as the mass transfer across the membrane fluid interface at the dry side. For convenience an overall mass transfer coefficient, or permeability, is defined based on the water activity at the wet and dry sides of the membrane:
For simplicity the mass transfer resistance at the wet side of the membrane will be neglected. Since all the experiments were run with a constant water activity at the liquid side (either liquid water or fixed relative humidity) this will at most contribute a constant systematic offset to the determination of the diffusivity and mass transfer resistance at the dry side. All the rates have been expressed in terms of activity of water. The diffusion across the membrane is based on simple Fickian diffusion with a diffusivity that is concentration independent.
There is a concentration jump in water between the membrane and liquid or gas; c 0 w is the concentration of water in the membrane equilibrated with water activity of unity. The diffusion resistance is always coupled with water concentration in the membrane at unit activity. Nafion is unusual in that the equilibrium water concentration is multi-valued when equilibrated with liquid water or saturated vapor (this is the phenomenon of Schroeder's paradox that has been discussed by several different investigators [34] [35] [36] ). We will assume c 0 w is single valued for our analysis, but Eq. (4) anticipates that there are differences in the permeation of water between liquid water and humidified gas because of the difference in equilibrium water content of Nafion equilibrated with liquid versus with vapor.
The overall mass transfer coefficient, k o , or permeability, can be expressed in terms of resistances in series-the membrane water diffusivity and the interfacial mass transfer coefficient.
The interfacial resistance we refer to is the transport of water from outside the membrane to inside the membrane:
To distinguish between the two resistances, interfacial transport (k g ) and cross-membrane diffusion (cD/L m ), experiments were carried out with different membrane thicknesses and different nitrogen flow rates on the dry side of the membrane. There are two contributions to the mass transfer coefficient; a gas phase boundary layer whose resistance decreases with increasing nitrogen flow rate on the gas side, and an interfacial resistance that is persistent at all gas flow rates. The Fickian diffusive resistance to mass transport is independent of the gas flow rate and will scale with the membrane thickness.
Results
Water sorption/desorption
A typical set of water uptake (sorption) experiments for a Nafion 1110 membrane as a function of temperature are summarized in Fig. 4 (only a limited number of temperatures were shown for the sake of clarity). Mass uptake is normalized to the final mass uptake at very long time (∼25,000 s). The rate of water uptake increases with temperature. Results for other membrane thickness show similar trends. Occasionally large mass fluctuations were observed as the sample approached its final mass; these fluctuations resulted from liquid drop condensation on the sample (or sample support).
The water uptake data was fitted to various diffusion models. Diffusion into a slab with constant diffusivity is the most commonly applied analysis (see Takamatsu et al. [8] and Morris and Sun [12] ); the slope of ln{(M(t) − M 0 )/(M ∞ − M 0 )} versus time gives an effective rate constant for diffusion, k sorption . The fits are not very good-the values of the diffusivity changes by a factor 3-4 over time, even when the long time approximation is valid. The best data fits are obtained using a growth model with a Weibull relaxation parameter. The Weibull model introduces a stretched exponential, where ζ is related to the visco-elastic relaxation time for the polymer [37, 38] :
Independent of a specific model for diffusion, the approximate rate constant for water sorption can be extracted based on the exponential increase in the mass. The simplest approximation of this rate constant is the time to approach 1/e of the final mass gain. This approximate rate constant is accurate to within a factor of 2-3. The diffusivity of water can be obtained from the effective rate constant for water sorption by use of Eq. (1); assuming a constant diffusivity, independent of water content, the water diffusivity in Nafion from the sorption data ranges from 3 × 10 −9 cm 2 /s at 30 • C to 1 × 10 −7 cm 2 /s at 80 • C. uptake is slower for thicker samples. If the water sorption was controlled by diffusion, the time for water sorption should scale with the sample thickness squared. Fig. 6A replots the data as normalized mass uptake as a function of t/(L m ) 2 ; this normalization is a poor fit to the data. Fig. 6B plots the normalized mass uptake as a function of time normalized by the sample thickness, t/L m . The water sorption data shows a good correlation with time normalized by membrane thickness which suggests that the rate of water sorption scales with the area of the sample. There are two physical models that are consistent with the sorption rate scaling with the area of the sample. One possibility is that the gas/membrane interfacial mass transport is rate limiting and diffusion in the membrane is fast, so the water concentration is uniform across the membrane. The second possibility is a shrinking-core model where water diffuses rapidly through a hydrated shell and the slow step is water incorporation into the dry membrane core. These two models will be compared in Section 4. shown in Fig. 7 and the time for adsorption shown in Fig. 4 shows that desorption is an order of magnitude faster than water sorption at the same temperature. At 30 • C water desorption is completed within 1000 s, whereas water sorption into Nafion 1110 took >10,000 s.
Water desorption from membranes of different thicknesses at 60 • C is presented in Fig. 8 . Water desorption is faster for thinner membranes. The water desorption data has been replotted in Fig. 9 as the rate of mass loss versus the normalized water content in the membrane. The rate of mass loss was obtained from the slope of the mass versus time graph. The normalized water content is proportional to the number of waters absorbed per sulfonic acid group, λ. The mass loss appears to only depend on the waters absorbed per sulfonic acid group and is independent of membrane thickness. This result suggests that the absolute rate of water loss does not scale with total mass of the membrane, but scales with external surface area of the membrane. Water desorption, like water sorption, appears to be controlled by either interfacial mass transport or water liberation at a shrinking-core interface. 
Water permeation measurements
Water permeation was measured between a high water activity (either liquid water or humidified nitrogen) and a low water activity in nitrogen. The relative humidity in the effluent of both the wet side and dry side of the membrane was measured so we have a direct measure of the thermodynamic driving force for water permeation across the membrane. A typical set of data for water permeation through a Nafion 115 membrane is shown in Fig. 10 . The relative humidity in the effluent of the dry side is recorded as a function of time for fixed nitrogen flow rate, fixed water activity at the wet side and fixed temperature. Once the relative humidity at the dry side reached steady-state one of the fixed parameters was changed and the relative humidity was recorded until a new steady-state was obtained. Typically the time constant for responding to parameter changes was ∼10 min at 21 • C to ∼1 min at 90 • C. We would wait at least 10 time constants after making a parameter change to record steady-state data. Permeation rates were calculated based on the relative humidity, temperature and nitrogen flow rate using Eq. (3). The permeation rate was plotted as a function of relative humidity at the dry side of the cell and extrapolated to zero relative humidity, corresponding to infinite nitrogen flow rate, where the interfacial mass transfer resistance at the membrane-gas side is minimized. Table 2 summarizes the extrapolated permeation rate to zero RH at the dry side. The permeability increases with temperature and the permeation rate increases with temperature faster for the thinner membrane.
Water permeation through Nafion from a humidified gas stream was compared to permeation from liquid water. The flow rate of humidified nitrogen through the wet side of the permeation cell was sufficiently high (∼2-3 L/min) such that the change in humidity between the inlet and outlet was negligible. Measurements were taken from humidified streams at 30, 50 and 80% RH at 30, 50, 70, 80 and 90 • C. Dry nitrogen was flowed through the dry side of the cell at different flow rates. The water flux was determined using Eq. (3). To determine the permeability, k o , the water flux was normalized by the overall thermodynamic driving force, a L w − a Water permeation through Nafion 112, 115 and 1110 membranes from 80% RH into dry nitrogen at 80 • C is shown in Fig. 12 . In contrast to permeation with liquid on the wet side the permeation rate from water vapor on the wet side does not level out to a constant value at high nitrogen flow rates. The permeation rate increases initially at low nitrogen flow rates, then goes through a maximum and decreases with higher nitrogen flow rates. The water activity on the dry side of the membrane continually decreases with increasing nitrogen flow so the driving force for water permeation increases.
The difference in permeation from liquid water and humidified gas is shown explicitly in Fig. 13 . The water flux is plotted versus the nitrogen flow rate for Nafion 115 and 1110 at 80 • C for 80% humidified N 2 and liquid water on the water side of the membrane. The difference in water permeation between liquid and vapor at the wet side of the membrane is remarkable. The permeability (normalized flux) is more than a factor of 2 larger when there is liquid water present. Furthermore, within the range of flow rates we were able to explore, there was no fall off in the permeation with nitrogen flow rate when liquid was present, in contrast to the fall off in the permeation seen when there was only vapor present.
The difference between permeation from a liquid compared to permeation from a humidified gas is accentuated at higher temperatures; at 30 • C there was no evidence that the water flux from a humidified gas goes to zero at high nitrogen flow rates. We suggest that the decrease in water flux is a result of the membrane completely drying out and forming an impermeable skin at the dry side.
The relative importance of interfacial mass transport to diffusional mass transport can be assessed by fitting overall mass permeation coefficients, k o , at different membrane thicknesses to determine values of k g and c 0 w D. Both k g and c 0 w D were determined from the water permeation data through Nafion 112 and 1110 given in Table 2 and their values are listed. Both interfacial mass transport and diffusion increase with increasing temperature, but the interfacial mass transport coefficient increases faster with temperature than the diffusivity, which results in a shift in the limiting transport resistance with increasing temperature. The water permeability at 80 • C through Nafion 112, 115 and 1110 as a function of the average water activity across the membrane, (a L w + a g w )/2, is plotted in Fig. 14. Different RH humidities were employed at the wet side of the membrane to span the range of average water activities from 0.15 to 0.75. The data show that permeation at 80 • C increases linearly with average membrane water activity. Closer examination of the data shows that ratio of permeation rates does not scale directly with membrane thickness. The ratio of the slopes of the normalized flux versus average water activity is 1:1.8:2.3 for 1110:115:112, and the expected ratio based on membrane thickness is 1:2:5; from which we conclude that even at 80 • C interfacial mass transport is a significant resistance. Fig. 15 is a plot of the in plane membrane resistance as a function of the average water activity across the membrane. The resistance decreases with increasing average membrane water activity, as expected. To see if the resistance data was consistent with a linear water gradient across the membrane we calculated the membrane resistance assuming the proton conductivity of Nafion is given by σ = 10 −7 exp(14a 0.2 w ) cm [39] ; the data fit is shown as the solid lines in Fig. 15 . The measured membrane resistance decreases more slowly with increasing water content than that predicted based on a linear water gradient. This suggests that the water content is more homogeneous, as would be expected if diffusion is fast compared to interfacial mass transport.
Discussion
The key results from the water sorption/desorption and water permeation experiments may be summarized as follows:
1. Water sorption into Nafion 1110 has a characteristic rate constant of ∼5 × 10 −4 s −1 at 40 • C increasing to ∼4 × 10 −3 s −1 at 90 • C. 2. The rate of water sorption scales inversely with membrane thickness. 3. Water desorption has a characteristic rate constant approximately 10 times greater than water sorption. 4. The initial rate of water desorption scales with external surface area. 5. Water permeation is limited by interfacial mass transport from the membrane to the gas for thin Nafion membranes. 6. Water permeation increases with temperature. 7. Water permeation through Nafion is enhanced when driven by liquid water compared to water vapor.
The essential result from these studies is that water transport in and through Nafion membranes is not simply a diffusion process, but interfacial mass transport across the gas/membrane interface is major resistance to water transport.
Why should there be a substantial interfacial mass transport resistance for water to leave a Nafion membrane and go into the gas phase? If Nafion phase separates as proposed in the Gierke model [40] (and other models as well [41] ), then the phase which minimizes the interfacial energy should segregate to the surface. When Nafion is exposed to a gas phase the low surface energy "Teflon-like" phase is expected to segregate to the membrane gas interface; this is even true for a saturated vapor atmosphere. Water entering or leaving the membrane must pass through this hydrophobic layer which will inhibit mass transport between the membrane and gas phases. This is analogous to having a thin layer of oil on a pool of water. The oil will inhibit the rate of water evaporation, even though it does not affect the overall equilibrium.
When in contact with liquid water Nafion's hydrophilic phase is expected to segregate to the membrane/liquid interface. The interfacial mass transfer resistance for water is expected to decrease if the surface of the membrane is hydrophilic. The water permeation measurements reported here showed that permeation from liquid water was much greater than that from water vapor, consistent with the hypothesis that there is a difference in interfacial mass transport resistance.
We believe there are two complementary effects that contribute to the difference in water transport when liquid water is present. First, is that liquid water will induce a hydrophilic membrane surface reducing the interfacial mass transport resistance. In addition, there is an increase in the water content in the membrane when exposed to liquid water, the so-called Schroeder's paradox [31, 34, 36, 42] . Even with no change in diffusivity the increased c 0 w would result in a greater water flux. Both these phenomena will increase the permeation rate through the membrane; from the transport measurements we cannot distinguish the relative contributions of these two mechanisms.
Our results presented here and the interpretation contradicts previous studies that have attempted to model water diffusion in Nafion. These studies have suggested that water diffusion increases with water content at low water content, rising to a maximum and then decreases with water content. Fig. 14 shows a clear increase in normalized water permeation with average water activity across the membrane. The only way this could be consistent with the previous studies modeling water diffusion is if the water permeation rate is limited by interfacial transport such that diffusion plays little role in determining the permeation rate. Both Rivin et al. [17] and Ge et al. [3] have pointed out that interfacial mass transport should be important in water permeation and sorption into Nafion; the data presented here shows the importance of interfacial mass transport much clearer.
Fig. 14 also shows that water permeation from water vapor fell to zero when the water activity at the dry side went to zero. In contrast Fig. 13 indicates that Nafion 112, 115 and 1110 membranes did not dry out when liquid water was present on the wet side of the membrane. We suggest that this is due to the formation of a thin impermeable skin at the membrane/gas interface. This impermeable skin appeared to form more readily on thicker membranes; we only saw evidence with 112 (50 m) membranes when the liquid side had a relative humidity <30%, whereas with 1110 (250 m) membranes the impermeable layer was detected when the liquid side was at 80% RH. Since our Fig. 16 . Schematic of the steps involved in water permeation through and water sorption into Nafion membranes. At the left is the permeation from either a humidified gas stream or liquid water to dry gas. They differ because of the composition at the membrane-gas or membrane-liquid interface. At the right is a schematic of water sorption into a membrane, showing the shrinking-core model where the swelling reaction at the shell-core interface is rate limiting.
results indicated that water flux was only weakly dependent on membrane thickness we suggest that the thicker membranes can sustain larger swelling stresses across the membrane from water sorption. When liquid water is present the greater water sorption will result in greater membrane swelling. The larger water uptake from liquid may create sufficient stress to keep the membrane from shrinking on the dry side so the impermeable skin does not form.
Water sorption/desorption experiments also suggest that diffusion is faster than other processes governing water transport. The process of water sorption and permeation in a Nafion membrane is summarized schematically in Fig. 16 . More complicated models for water sorption/desorption may be proposed, but the mechanism presented here is the simplest one that can account for the data. Neglecting mass transport limitations in the gas phase there are at least three processes that must be considered in water sorption from water vapor:
1. Interfacial transport across the membrane/gas interface into the membrane. 2. Diffusion through the membrane from the membrane/gas interface to the interior of the membrane. 3. Swelling of the membrane to accommodate water at the sulfonic acid site.
Water desorption must consider two steps:
1. Diffusion from the interior of the membrane to the membrane/gas interface. 2. Interfacial transport from membrane/gas interface into the gas phase.
There is an asymmetry between sorption and desorption. The membrane must swell to accommodate the volume change when the water molecule coordinates with a sulfonic acid site in the Nafion. However, the membrane does not need to shrink for the water to leave the swollen membrane.
The early stages of desorption are similar to water permeation through a membrane. In desorption water moves by diffusion from the bulk of the membrane to the membrane/gas interface and then must be transported across the membrane/gas interface. Permeation across the membrane adds the additional interfacial mass transfer resistance at the liquid/membrane interface. As shown by Fig. 9 the initial rate of desorption was independent of the thickness of the membrane. This initial rate should be approximately equal to the permeation rate across the membrane from liquid water (a small difference is expected due to the concentration gradient across the membrane in the permeation experiment). Table 3 is a comparison of the initial desorption rates from Nafion 1110 with the steady-state permeation rates. The two rates are remarkably similar supporting the conjecture that the rate-limiting step for both is the interfacial transport across the membrane/gas interface.
As desorption proceeds, and the water content of the membrane decreases, diffusion to the membrane/gas interface becomes slower and more significant. To properly analyze the transient water desorption from a Nafion membrane both interfacial mass transport and diffusion in the membrane must be included. Previous investigators that analyzed water sorption solved the Fickian diffusion equation with a boundary condition of a known concentration at the membrane/gas interface (for example see Morris and Sun [12] ). The proper boundary condition is not the concentration at the membrane/gas interface, but rather the flux at the membrane/gas boundary, as shown in Eq. (7) where k g is the interfacial mass transfer coefficient. The flux in the membrane must match the mass transport across the interface:
Rivin and co-workers suggested that interfacial mass transport should be considered in the analysis of water sorption, but they did not have sufficient data to distinguish between diffusion and interfacial transport [17] . The solution to (7) has been presented by Crank [43] and is given in Eq. (8):
where β n are the roots to the equation:
Eq. (8) is functionally the same as that presented by Morris and Sun [12] , but the characteristic time is scaled by a Biot number, which is the ratio of external transport to internal transport, Bi = (k g )(L m )/D. For thin membranes the Biot number is small; at long times the leading term in the series solution has an eigenvalue β 1 = √ Bi, which results in desorption being controlled by external mass transport with a characteristic time L m /k g . For very thick membranes the Biot number is large and β 1 = π, so at long times desorption is controlled by internal diffusion in the membrane with a characteristic time L 2 m /D. The permeation studies provided values of the interfacial mass transfer coefficient and the diffusivity given in Table 2 . Based on those values the Biot number ranged from ∼1 to 5, so the desorption experiments correspond to conditions where the interfacial mass transport is important and the effective rate constant for water sorption is an averaged value between those for diffusion and interfacial mass transport.
The analysis of water sorption into Nafion membranes must also be modified to replace the fixed concentration boundary condition with a flux boundary condition. However, if diffusion and interfacial mass transport were the only factors controlling water sorption then water uptake and water desorption should have similar rate constants. It is clear from the data presented in Figs. 4 and 7 that these rates differ by an order of magnitude. Water sorption differs from desorption because the polymer must swell to accommodate water molecules coordinating to sulfonic acid sites. It is not necessary for the polymer to shrink for the water to desorb. Conceptually, we can use the two-phase model of Gierke and Hsu [44] to understand the swelling. The water enters the hydrophilic sulfonic acid domains and causes them to swell, stretching out the hydrophobic Teflon-like domains. This is analogous to blowing up a balloon, except the Nafion is not ideally elastic but has a finite rate of visco-elastic deformation.
Water sorption into Nafion is similar to the problem of Case II diffusion in hydrogels that has been discussed extensively in the literature [45] [46] [47] . The visco-elastic response of the gel to swelling is generally slow compared to water diffusion. Depending on how water diffusivity depends on water content can give rise to two interpretations of water uptake. If water diffusivity does not vary much with concentration then water will distribute uniformly through the membrane and swell uniformly. When water diffusion decreases with water content the water a swollen shell forms. The water diffuses rapidly through the swollen shell giving a "nearly uniform" concentration in the shell. A front is formed between the swollen shell and the "dry" core of polymer. The rate-limiting step for water uptake is the swelling of the polymer at the shell-core interface. Case II diffusion can be represented by adding a visco-elastic term to the diffusion equation [47] . Alternatively, if the time scales for diffusion and swelling are disparate one can treat the front motion by assuming a steady-state flux through the shell to the shell-core interface where a "swelling" reaction occurs (a "shrinking-core" model [48] ).
The sorption data in Fig. 6A and B indicate that the time for water uptake scales with length which is consistent with the shrinking-core model for water uptake. A simple shrinking-core model for water uptake is schematically illustrated in Fig. 16 . Water is sorbed at the gas/membrane interface, diffuses through a shell of swollen membrane and then reaction occurs at the core where water causes the membrane to swell. A simplifying assumption is that the rate of swelling is slow compared to the interfacial mass transport and the diffusion, so we treat those two steps as being at pseudo-steady-state:
{Swelling reaction} = {Rate of diffusion to core interface} = {Rate of external mass transport}
The mass uptake scales with the growth of the swollen shell (we have assumed λ ≈ 0 in the core):
The concentration at the shell-core interface is found from Eq. (9) to give the overall mass uptake in terms of the three resistances to transport:
Under the shrinking-core approximation the thickness of the shell is directly proportional to the fractional water uptake, which can be substituted into Eq. (11) (In the case of the planar membrane the shell is the thickness of the swollen slab on either side of the "dry" core):
The mass uptake as a function of time can be determined by integrating Eq. (11) . There are two limiting cases for the mass uptake predicted by the shrinking-core model:
1. In the reaction controlled regime water uptake is limited by the rate that the polymer swells. The mass uptake scales linearly as a function of time. The mass uptake as a function of time in the reaction controlled regime is given by Eq. (13) . The reaction controlled regime applies to all membranes at short times and extends to completion of water uptake for thin membranes:
(ii) Diffusion controlled regime,
In the diffusion controlled regime water diffusion through the shell is slow compared to the swelling reaction. This occurs for thick membranes. In the diffusion controlled regime the mass uptake scales at t 1/2 and is given by Eq. (14) . The diffusion controlled regime applies to long times:
The functional forms for diffusion and reaction controlled regimes are useful in explaining how the mass change should scale as a function of time. In the reaction controlled regime, the normalized mass uptake should scale as time divided by membrane thickness (t/L m ), whereas in the diffusion controlled regime the normalized mass uptake should scale as time divided by membrane thickness squared (t/L 2 m ). Fig. 6 shows the normalized mass uptake plotted as functions of t/L m and t/L 2 m . The fit is much better for the former, consistent with water sorption being primarily limited by the swelling reaction.
The rate constant for the water sorption into Nafion 1110 ranges from 0.0008 to 0.01 s with increasing temperature. Water permeation studies provide lower limits for water diffusivity in Nafion. We can neglect interfacial mass transport and get a lower limit to the diffusivity, D ≈ (permeation rate)(membrane thickness)/(water concentration). The diffusivities obtained from the permeation studies vary with temperature from 3 × 10 −6 to 1 × 10 −4 cm 2 /s. Based on those values the characteristic rate constant for water sorption limited by diffusion in Nafion 1110 should vary from 0.005 to 0.1 s −1 . These rate constants are an order of magnitude larger than the observed rate constants adding further support to the hypothesis that water sorption is reaction limited.
We choose to represent the swelling reaction as a simple reaction with mass action kinetics. The rate depended on the degree of unsaturation of the sulfonic acid sites and the concentration of water in the membrane. The swelling process is much more complex, involving chemical and mechanical processes including the solvation of sulfonic acid groups by water and stretching the hydrophobic teflonic domains. The chemical reactions are probably faster than the mechanical relaxation times associated with water sorption. Stress relaxation and creep measurements of Nafion both show a range of relaxation times extending from 10 to 10,000 s [33] . The effective time constant for water sorption is ∼1000 s, which is within the range of mechanical relaxation times for Nafion. However, based on the sorption and transport measurements reported here it is impossible to identify any specific rate-limiting process for the swelling reaction.
Conclusions
Water sorption, desorption and permeation in and through Nafion 112, 115, 1110 have been determined as functions of temperature. Sorption and permeation are controlled by interfacial mass transport, diffusion and polymer swelling. Temperature, membrane thickness and the presence of liquid water or water vapor all affect the rates of the different transport and reaction processes in Nafion. The key results are:
1. Water permeation is limited by interfacial mass transport across the membrane/gas interface for thin membranes and at low temperature. At higher temperatures and with thicker membranes the diffusional resistance across the membrane becomes important for water permeation. 2. Water permeation through Nafion from humidified gas streams decreases with increasing driving force across the membrane at low water activity on the dry side of the membrane. This wrong way behavior appears to be due to the membrane becoming less permeable at lower water content. 3. Water permeation through Nafion from liquid water is much greater than permeation from humidified gas streams. 4. Water desorption from saturated membranes is limited by the interfacial mass transport resistance at the membrane/gas interface. It is suggested that the Nafion surface is enriched with Teflon at the membrane/gas interface, and it is transport across this layer that is the limiting mass transport resistance. 5. Water sorption from humidified gas is limited by the rate of swelling of the polymer membrane to accommodate the water. 6. Water sorption into Nafion can be described by a shrinkingcore model, where there is rapid diffusion of water across a swollen shell to the interface of the dry Nafion core followed by a slow reaction as water sorption swells the core.
The large discrepancies in diffusivities for water in Nafion reported in the literature the result of different experiments measuring different rate processes. Water sorption measures a combination of the rate of polymer swelling and water diffusion, water desorption measures a combination of the rate of interfacial mass transport at the Nafion/gas interface and water diffusion, water permeation measures a combination of interfacial mass transport and diffusion. Only by careful analysis of permeation and sorption data for different membrane thickness and different temperatures it is possible to identify the individual transport rates.
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